Background: Milrinone, an inotropic agent used ubiquitously in children after cardiac surgery, accumulates in acute kidney injury (AKI). We assessed if urinary AKI biomarkers are predictive of an increase in milrinone concentrations in infants after cardiac surgery.
INTRODUCTION
Milrinone is a phosphodiesterase type 3 inhibitor prescribed for many pediatric and adult patients with acute decompensated heart failure. It is also used in children after cardiac surgery for the prevention of low cardiac output syndrome, a clinical phenomenon characterized by tachycardia, hypotension, and end-organ dysfunction. 1 The onset of low cardiac output syndrome occurs within 12 hours after cardiac surgery in 25%-40% of cases. Inhibition of phosphodiesterase type 3 from milrinone results in an increase in cyclic adenosine monophosphate-mediated delivery of calcium to the myocardium, which leads to improvement in both systolic and diastolic function, as well as vascular smooth muscle dilation, thereby reducing ventricular afterload. [2] [3] [4] Pediatric milrinone dosing is fairly standardized across most pediatric cardiac surgical centers. Typically, a loading dose of 25-50 mcg/kg is administered intravenously, followed by initiation of a continuous infusion ranging from 0.25 to 1.0 mcg/kg/min. Despite these dosing strategies, the actual dose-response relationship has not been well described in children, and we have previously noted marked variability in serum milrinone concentrations despite similar weight-based dosing strategies. 5 The uncertainty in dosing is confounded by differences in patient age, size, and ontological maturation of the kidneys, and that therapeutic drug monitoring is not routinely performed. Dosing is also particularly challenging in the setting of acute kidney injury (AKI) because the kidneys clear milrinone. 5, 6 It has been reported that the mean plasma half-life of milrinone was 3-fold higher in those with AKI compared with healthy individuals. 7 In comparison with other inotropes, the pharmacodynamic effects of milrinone are not seen for 30-60 minutes 8, 9 and persist for several hours after discontinuation of therapy. As the length of the administration time increases, so does the effective half-life, which is approximately 36 minutes after 30 minutes of an infusion and 138 minutes after 10 hours of an infusion. 10 The half-life is increased even more in patients with AKI. 11 This is important because there is a sigmoidal relationship between plasma milrinone concentration and percent cardiac index improvement across a range of 100-300 ng/mL. Specifically, no hemodynamic benefits have been seen at concentrations above 500 ng/mL, but the risk of adverse effects, including hypotension and systemic vasodilation, increases. 12, 13 Unfortunately, AKI occurs in 20%-40% of children after cardiac surgery. 14, 15 Timely dose adjustments of milrinone are critical to avoid hypotension and further renal compromise due to excess milrinone activity. Currently, AKI is diagnosed by a rise in serum creatinine that has several limitations: it rises 24-48 hours after injury has already occurred, and its concentrations are affected by factors unrelated to renal disease. [16] [17] [18] AKI biomarkers have been used to diagnose AKI before a rise in serum creatinine in children after cardiac surgery 19, 20 to predict drug clearance 21 and demonstrate renal toxicity in drug development. 22 The signs and symptoms of milrinone accumulation in patients with impending AKI and those with worsening cardiac function after cardiac surgery have significant overlap. In addition, the effects of a milrinone dose titration may not be seen for 4-6 hours. Therefore, earlier assessment of milrinone accumulation is necessary in those at risk for AKI. The purpose of this study was to determine whether a targeted assessment of urinary AKI biomarkers were predictive of excessive milrinone activity in children after cardiac surgery. We hypothesized that AKI biomarkers will increase before a 20% increase in serum milrinone concentration in children after cardiac surgery.
MATERIALS AND METHODS
We performed a prospective multicenter observational study (NCT101966237) in infants (#1 year of age) after cardiac surgery with cardiopulmonary bypass (CPB) and who would receive intraoperative and postoperative milrinone from October 2013 to January 2015. After institutional review board approval, infants were enrolled from 3 centers. Informed consent was obtained for each patient. Exclusion criteria were pre-existing significant congenital anomalies of the kidneys and urinary tract, need for extracorporeal membrane oxygenation (ECMO) before and after cardiac surgery.
Clinical data were collected preoperatively, perioperatively, and postoperatively. Clinical outcomes including duration of ventilation, length of intensive care unit and hospital stay, and mortality were assessed. Serum creatinine measurements were performed as part of standard clinical practice preoperatively and daily for the 3 days after surgery. Baseline serum creatinine was defined as the lowest value obtained within 72 hours before surgery. AKI was defined by the kidney disease improving global outcomes (KDIGO) serum creatinine criteria (all stages) 23 that occurred no sooner than the first postoperative day but within 72 hours after CPB. Severe AKI was defined by KDIGO stage 2 or 3 criteria, as this threshold has been associated with increased morbidity and mortality in infants after cardiac surgery 14 and critically ill children in general. 24 Serum creatinine measures were performed in the early mornings on each of 3 consecutive days after surgery. Surgical complexity was categorized according to the Society of Thoracic Surgeons-European Association for Cardiothoracic Surgery, Congenital Heart Surgery (STAT) mortality categories. 25 Postoperative urine output was reported in mL/kg/h daily, where postoperative day 0 was from admission to the cardiac intensive care unit until 6 AM the next day, and postoperative day 1 was from 6 AM the day after surgery until the next day at 6 AM Blood samples were collected at specific time intervals (in a plain red top vacutainer with no additive) from time 0 (termination of CPB), 15, 20, and 60 minutes and then at 3, 6, 8, 12, 24, 36, 48 , and 72 hours to assess serum milrinone concentrations. In some patients, additional samples were obtained: (1) immediately preceding and then 2 hours after a milrinone dose change and (2) at 30 and 60 minutes, and 3 and 8 hours after termination of the milrinone infusion. Importantly, milrinone dosing was not standardized between patients, and thus, sampling was variable, with some patients having the medication discontinued early without a dose change, and in others, it was continued beyond the 72 hours of enrollment. Finally, patient size and institutional review board restrictions limited blood sampling to a maximum of 14 mL during the study period, thereby preventing collection of samples at all the specified time points for each patient. Blood samples were centrifuged at 2400g for 10 minutes at 48C; the serum extracted and stored at 2808C until quantification of milrinone was performed. Serum milrinone quantification was performed using liquid chromatography/mass spectrometry-mass spectrometry (LC/MS-MS) using the following methodology: Milrinone (Toronto Research Chemicals, Inc, Ontario, Canada) and procainamide (Sigma-Aldrich St Louis, MO) stock dimethyl sulfoxide solutions (0.05 mol/L) were prepared and taken to prepare working solutions used to probe mass spectrometry-mass spectrometry conditions to develop the LC/MS-MS method. An Applied Biosystems Sciex 4000 (Applied Biosystems, Foster City, CA) equipped with a Shimadzu high performance liquid chromatography (Shimadzu Scientific Instruments, Inc, Columbia, MD) and Leap autosampler (LEAP Technologies, Carrboro, NC) was used. Milrinone and procainamide internal standard (IS) were monitored through electrospray ionization positive ion mode (ESI+) using the following conditions: (1) ion-spray voltage of 5500 V; (2) temperature, 4508C; (3) curtain gas (set at 10) and collisionally activated dissociation (set at 12) gas were nitrogen; (4) ion source gas one and 2 were set at 40; (5) entrance potential was set at 10.0 V; (6) quadruple one (Q1) and 3 (Q3) were set on low resolution; (7) dwell time was set at 200 ms; and (8) The chromatography method used was 95% A for 0.50 minutes, brought to 95% B at 3.00 minutes and held for 4.00 minutes, ramped back down to 5% B at 8.00 minutes and held for 0.50 minutes. Next, human serum (lot# BRH947221) was purchased from Bioreclamation LLC (Liverpool, NY) and used to prepare standard curves with serial dilutions creating 18 standard curve serum samples. Quality control samples were also prepared and used in the study. The standard curve serum samples were then placed into the freezer (;4 hours) and then transferred to a 280 6 108C freezer (24 hours). This was conducted so that standard curve samples underwent one freeze-thaw cycle, analogous to the clinical samples. Standard curve and clinical samples were extracted using an extraction solution containing IS 4:1 (1:1 ACN:MeOH) and water. In individual sets, the pharmacokinetics (PK) PK sample tubes were removed from the freezer and allowed to thaw on ice. The samples were prepared, and the supernatants transferred into individual wells of a 96-well plate. The 96-well plate was placed into the LEAP autosampler coolstack (8.0 6 1.08C), and samples (10 mL) were analyzed using LC/MS-MS methods. The milrinone standard curve data were processed and fit to 1/x 2 weighted linear regression analysis. The linear response range was between 0.7 and 2600 ng/mL (R 2 = 0.99). The limit of detection was 0.7 ng/mL, whereas the limit of quantification was 2.6 ng/ mL. The accuracy and precision of the analytical method was evaluated using 6 determinations per concentration, and 7 different analyte concentrations were probed ranging from 3.0 to 1200 ng/mL. The mean values were all less than 15% of the nominal value. Likewise, precision was assessed, and the coefficient of variation (CV) was less than 15%. The linear standard curves were used to compute drug concentrations. Pharmacokinetic parameter estimates were generated through Bayesian estimation using MW/Pharm (Version 3.82) as previously described. 5 An allometric power model was used to account for differences in body size. Steady state was assumed at 6 hours. A 20% increase in milrinone concentration between 6 and 36 hours after the start of the infusion was used to define a clinically significant change from the level obtained at 6 hours.
Neutrophil gelatinase-associated lipocalin (NGAL), tissue inhibitor metalloproteinase type 2 and insulin-like growth factor-binding protein type 7 (TIMP-2*IGFBP-7), kidney injury molecule 1 (KIM-1), interleukin-18 (IL-18), and livertype fatty acid-binding protein (L-FABP) were measured on the urine samples collected at baseline (before CPB initiation) and then at 2, 6, 12, 24, 48, and 72 hours after CPB initiation. TIMP-2*IGFBP-7 was measured using the Astute 140 meter (Astute Medical, Inc, San Diego, CA). The authors have previously reported the cutoff points of TIMP-2*IGFBP-7 associated with AKI. 20 Urine NGAL was measured using a commercially available assay (NGAL ELISA Kit 036; Bioporto, Grusbakken, Denmark) that specifically detects human NGAL. 26 The intra-assay CV was 2.1% and interassay variation was 9.1%. Urine IL-18 (Kit 7625) and L-FABP (Kit Z-001) were measured using commercially available ELISA kits (Medical & Biological Laboratories Co, Nagoya, Japan and CMIC Co, Tokyo, Japan, respectively) per manufacturer's instructions. Intra-assay CV for IL-18 and L-FABP were 7.3% and 6.1%, respectively. Interassay CVs were 7.5% and 10.9% for IL-18 and L-FABP, respectively. The urine KIM-1 ELISA was performed using validated commercially available reagents (Duoset DY1750; R&D Systems, Inc, Minneapolis, MN) as previously described. 27 Intra-and interassay CVs for KIM-1 were 2% and 7.8%, respectively. 19, [27] [28] [29] [30] Statistical analyses were performed using SAS version 9.3 (Carey, NC). The study was powered using Fisher exact test with an assumption of 15%-20% rate of severe AKI, which is 4 times more likely to have at least a 20% increase in milrinone concentration than those without severe AKI that occurs between 6 and 36 hours after CPB initiation at a type-I error of 0.05 and power of .95%. Normally distributed continuous variables were summarized with mean and SD and were analyzed using t-tests. Non-normally distributed variables were summarized as median with interquartile range (IQR) and were analyzed using Wilcoxon rank sum tests. Categorical variables were summarized using frequency and proportion and compared using x 2 or Fisher exact tests as appropriate. Biomarkers and milrinone clearance values were then log transformed in logistic regression to assess their association with AKI. Receiver operating characteristic curves were analyzed to identify optimal cutoff points for biomarkers and milrinone clearance predictive of AKI using the Youden index method. We then performed a x 2 analysis to determine the association between a 20% increase in serum milrinone concentration 6-36 hours after initiation of the infusion and biomarker elevation before AKI. Odds ratios (ORs) and 95% confidence interval (CI) were reported. Multivariable logistic regression was performed to predict a 20% increase in milrinone concentration before the diagnosis of AKI. The following variables were included in the model: age, sex, peritoneal drain (PD) (yes versus no), circulatory arrest (yes versus no), previous surgery (yes versus no), single ventricle (yes versus no), cross-clamp time, STAT score, and total bypass duration. A P value of ,0.05 was considered statistically significant. P values were not adjusted for multiple tests.
RESULTS
Eligible patients (n = 124) were screened, of which 98 infants were enrolled. Twenty-six patients declined to participate. Four patients were excluded from the final analysis because they did not receive milrinone or were cannulated to ECMO in the immediate postoperative period.
AKI Occurrence After CPB
Serum creatinine-defined AKI occurred in 31 (33%) patients, of which 12 (13%) were classified as KDIGO stage 1, 16 (17%) as KDIGO stage 2, and 3 (3%) as KDIGO stage 3. The mean time to AKI diagnosis from CPB initiation was 25 6 7 hours for all AKI groups. Demographics and intraoperative characteristics are shown in Table 1 .
Milrinone Clearance in Patients With AKI
Two patients received milrinone before cardiac surgery. A loading dose of 25-50 mcg/kg was given in 24% (n = 23) patients. These patients were all from a single center. There was no difference in milrinone PK and AKI among those who received a loading dose versus those who did not. We did not evaluate clinical outcomes among those who received a loading dose as the sample size was small (n = 23), and we would not be able to discern between the center effect versus the bolus effect. The median dose of milrinone used in the entire cohort was 0.5 mcg/kg/min on the day of surgery and postoperative day 1, and there was no difference in dosing strategies between those with and without AKI (P = 0.26 and P = 0.39). Allometrically scaled milrinone clearance estimates increased with increasing enrollment age in patients both with and without AKI and were below that reported for adults of 16.8 L/h/70 kg (Fig. 1) . 31 In this study, milrinone clearance was lower in patients with AKI (all stages) (4.2, IQR: 3.2-5.9 L/h/70 kg) compared with those without AKI (5.6, IQR: 4-8.5 L/h/70 kg) (P = 0.02) (Fig. 2) . The estimated mean steady-state concentration with a standard dose of 0.5 mcg/ kg/min was 215 ng/mL (IQR: 116-311 ng/mL). Sixty percent of patients were outside the documented target range of 180-300 ng/mL (32% below and 20% above). 12,13,32 A milrinone clearance of #4.64 L/h/70 kg was associated with AKI (OR 2.95; 95% CI, 1.21-7.18; P = 0.02).
Urinary AKI Biomarkers During and After CPB and AKI (all Stages)
Comparison of baseline biomarker values was no different in patients with and without AKI ( Table 1 ). In addition, comparison of our baseline biomarker values was similar to those published by Krawczeski et al (data not shown). 19 The area under the curve (AUC) for TIMP-2*IGFBP-7 to predict serum creatinine-defined AKI at 12 hours was 0.71 (95% CI, 0.60-0.83) with a negative predictive value of 0.83 (95% CI, 0.698-0.925) (P = 0.002) at a cutoff point of $0.78. The AUC for KIM-1 to predict serum creatinine-defined AKI when measured at 6 hours after CPB initiation was 0.66 (95% CI, 0.54-0.78) with a negative predictive value of 0.89 (95% CI, 0.73-0.97) (P = 0.03) at a cutoff point of $137.37 pg/mL. A summary of the biomarkers and their cutoff points is shown in Table 2 .
Measured Serum Milrinone Concentration and AKI (all Stages)
A greater proportion of patients with AKI versus those without AKI had at least a 20% increase in serum milrinone concentration [21/31 (68%) versus 26/63 (41%), P = 0.03]. There was no difference among those who did and did not receive a loading dose. Using logistic regression, a 20% increase in serum milrinone concentration was associated with the subsequent development of serum creatininedefined AKI (OR 3.0; 95% CI, 1.21-7.39; P = 0.02).
Association Between AKI Urinary Biomarkers and a 20% Milrinone Concentration Increase and AKI
Using cutoff points for biomarkers described in Table 2 , 2 urinary AKI biomarkers were predictive of subsequent 20% increase in milrinone concentration before serum creatininedefined AKI. Both TIMP-2*IGFBP-7 $0.78 at 12 hours after CPB initiation (OR 2.72; 95% CI, 1.01-7.38; P = 0.04) and KIM-1 $529.57 at 24 hours after CPB initiation (OR 2.76; 95% CI, 1.06-7.17; P = 0.04) predicted a subsequent 20% increase in milrinone concentration before the diagnosis of AKI (all stages). There was no association between an increase in urine NGAL and an increase in milrinone concentration in patients with and without AKI. In a multivariable model, adjusting for age, sex, STAT score, history of previous surgery, circulatory arrest, presence of a PD drain, both TIMP-2*IGFBP-7 and KIM-1 remained predictive of a 20% increase in milrinone concentration and AKI. The modelpredictive performance improved with an AUC of 0.79, compared with each biomarker alone. A summary of the unadjusted and adjusted models is summarized in Table 3 .
In patients with severe AKI (KDIGO stage 2 or 3), both TIMP-2*IGFBP-7 and KIM-1 were predictive of a subsequent 20% increase in serum milrinone concentration. Using cutoff points derived for severe AKI (data not shown), TIMP-2*IGFBP-7 $0.74 at 2 hours after CPB initiation (OR 3.69; 95% CI, 1.69-12.44; P = 0.03) and TIMP-2*IGFBP-7 $0.78 at 12 hours after CPB initiation (OR 3.94; 95% CI, 1.30-11.97; P = 0.01) were predictive of a 20% increase in serum milrinone concentration in patients with subsequent serum creatinine-defined AKI. Using KIM-1 cutoff points derived for predicting severe AKI (data not shown), KIM-1 $730.96 at 2 hours after CPB (OR 2.8; 95% CI, 1.17-6.67; P = 0.02) and a KIM-1 $585.65 at 12 hours after CPB (OR 3.61; 95% CI, 1.39-9.4; P = 0.01) predicted a subsequent 20% increase in serum milrinone concentration in patients with severe (stage 2 or 3) AKI. In a multivariable model, adjusting for age, sex, STAT score, history of previous surgery, circulatory arrest, presence of a PD drain, both TIMP-2*IGFBP-7 and KIM-1 remained predictive of a 20% increase in milrinone concentration and AKI. The modelpredictive performance improved with an AUC of 0.80, compared with each biomarker alone. A summary of the unadjusted and adjusted models is summarized in Table 4 .
Association Between AKI Urinary Biomarkers and Milrinone Clearance
Using cutoff points described in Table 2 , there was a significant association between TIMP-2*IGFBP-7 $0.78 at 12 hours after CPB initiation and lower milrinone clearance (4.8, IQR: 3.3-6.2 L/h/70 kg) compared to those with TIMP-2*IGFBP-7 ,0.78 (6.4, IQR: 4-11.4 L/h/70 kg) (P = 0.05). Milrinone clearance was also lower in patients with TIMP-2*IGFBP-7 $1.46 at 24 hours after CPB (4.6, IQR: 3.3-6 L/ h/70 kg) compared to those with TIMP-2*IGFBP-7 ,1.46 (5.8, IQR: 3.8-8.9 L/h/70 kg) (P = 0.03). The temporal relationship between the increase in urinary AKI biomarker and decrease in milrinone clearance could not be assessed because clearance is measured along a continuum.
DISCUSSION
We performed a pilot pharmacokinetic study to explore the relationship between an increase in AKI biomarkers and an increase in serum milrinone concentration before a rise in serum creatinine corresponding with AKI. Milrinone clearance in the current study was lower than previously published reports of adults (16.8 L/h/70 kg) 31 and children (18.9 L/h/70 kg). 34 More than half of IL-18, interleukin-18; KIM-1, kidney injury molecule 1; L-FABP, liver-type fatty acid-binding protein; mL, milliliter; Ng, nanograms; NGAL, neutrophil gelatinase-associated lipocalin; NPV, negative predictive value; pg, picograms; PPV, positive predictive value; TIMP-2*IGFBP-8, tissue inhibitor of metalloproteinases-2 (TIMP-2) and insulin-like growth factor-binding protein 7 (IGFBP-7).
Bolded P-values denote statistical significance.
patients had serum milrinone concentrations outside the reported therapeutic range (180-300 hg/mL), with 32% being above and 20% below, suggesting that current dosing strategies are not reliable for critically ill children requiring milrinone therapy after cardiac surgery. Similar to the authors' previous work, 5 milrinone clearance in infants was significantly lower in patients with AKI. We observed an increase in TIMP-2*IGFBP-2 and KIM-1 that were predictive of serum creatinine-defined AKI, and the increase in AKI biomarkers occurred before a greater than 20% increase in serum milrinone concentrations. This suggests that AKI biomarkers may play a role in providing an early assessment of drug accumulation, before a rise in serum creatinine. Dose adjustment of milrinone in children with AKI is based on adult recommendations, which are dependent on changes in estimated creatinine clearance. In this study, we demonstrate that even before creatinine rises, and thus a decline in glomerular filtration rate is clinically evident, infants have elevated milrinone concentrations that are out of range, which may put them at risk for excessive vasodilation, hypotension, and resultant exacerbation of AKI. Importantly, unlike most inotropic medications where dose adjustment results in an almost immediate clinical response, the effects of a milrinone dose adjustment may take several hours, putting the patient at risk for ongoing hypotension and vasodilation, and thus further kidney injury. The relationship between an AKI biomarker increase and impaired drug clearance exists for other medications, including tobramycin. 21 Downes et al 21 reported that an increase in urine NGAL was associated with impaired tobramycin clearance in patients with cystic fibrosis, including patients who never developed an increase in serum creatinine. In addition, KIM-1 expression has been detected after exposure to a variety of nephrotoxic medications, even when serum creatinine concentrations do not increase, and is considered to be a highly sensitive biomarker for detecting AKI during drug development. 22 There continues to be a paucity of data on milrinone PK in kidney disease. Adult studies have evaluated the relationship between milrinone dose and AKI and found that patients with a glomerular filtration rate of less than 30 mL/ min/1.73 m 2 had milrinone concentrations 3-fold higher than the recommended upper limit. 13 Patients receiving maintenance intermittent hemodialysis had milrinone concentrations 10-20 times the upper limit of the therapeutic range with widely fluctuating levels measured before and after hemodialysis sessions. 13 In the cardiac surgical population, volume overload may further dilute serum creatinine resulting in missed cases of AKI and the inability to adjust nephrotoxic medications appropriately. 33 These data highlight the importance of non-serum creatinine-based monitoring to avoid significant nephrotoxicity and other drug-related adverse events.
AKI urinary biomarker assessment is used frequently in the area of drug development, and many candidate molecules are dismissed early because of excessive toxicity as defined by an increase in biomarker excretion. KIM-1 (a marker of proximal tubular injury) and TIMP-2*IGFBP-7 (markers of the presence of an arrest in the cell cycle) facilitate localization of injury to a specific area within the kidney. The same is true for other biomarkers such as NGAL, IL-18, and L-FABP. It is plausible that urinary biomarkers could also be used to assess for nephrotoxicity in patients at risk for AKI, especially when serum drug monitoring is not available, and before an anticipated rise in serum creatinine. This pharmacokinetic study highlights how an elevation of TIMP-2*IGFBP-7 and KIM-1 were predictive of both a greater than 20% increase in serum milrinone concentration, impaired milrinone clearance, and subsequent serum creatinine-defined AKI. This is particularly important, as therapeutic drug monitoring for milrinone is not widely available.
The strengths of this study are as follows: it is a multicenter investigation, and the rate of AKI is similar to Age, sex, and STAT score were included in the multivariable model but are not reported as they were not found to be independent predictors of an increase in serum milrinone concentrations before the diagnosis of severe AKI (KDIGO stage 2 and 3).
KIM-1, kidney injury molecule 1; TIMP-2*IGFBP-7, tissue inhibitor metalloproteinase type 2 and insulin-like growth factor-binding protein type 7.
Bolded P-values denote statistical significance. Age, sex, and STAT score were included in the multivariable model but are not reported as they were not found to be independent predictors of an increase in serum milrinone concentrations before the diagnosis of AKI (all stages).
previously published reports. 14, 15 It offers potential to allow for individualized dose adjustments for patients at risk for AKI if our pharmacokinetic results corroborate with a future pharmacodynamics study that assesses for an association between poor patient hemodynamics and AKI biomarker elevation before an increase in milrinone concentration and subsequent AKI. Another strength is that the population studied is homogenous, and it is likely that biomarker cutoff points and optimal drug levels may need to be specifically developed in this population. Finally, TIMP-2*IGFBP-7 and NGAL are available on a clinical testing platform, with a turnaround time of approximately 45 minutes, making their use in clinical care possible. There are, however, several important limitations in the study. This was a pharmacokinetic study, and we did not assess patient hemodynamics in relation to elevations of biomarkers or milrinone concentrations. AKI was defined using serum creatinine criteria only, and sampling was not performed at the same time as urine biomarkers. It is therefore possible that a higher serum creatinine may have occurred sooner than reported. Use of urine output criteria has not been studied in the postoperative cardiac surgery cohort. This does not detract from the fact that stage 2 AKI based on serum creatinine alone is still associated with poor outcomes in this population. Milrinone therapeutic drug monitoring and TIMP-2*IGFBP-7 are not available for clinical use across all centers limiting the translation of the study results to practice. In addition, a KIM-1 clinical testing platform is still under development. Because we included only patients less than a year of age, our results may not be applicable to a broader, more heterogeneous population of children undergoing cardiac surgery.
CONCLUSION
We performed a prospective pilot concept study to assess the ability of AKI biomarkers to predict an increase in milrinone serum concentration and AKI. We found that TIMP-2*IGFBP-7 at 12 hours and KIM-1 at 6 hours after CPB initiation were predictive of AKI and an increase in serum milrinone concentrations, which may suggest excessive milrinone activity. Future studies that include a pharmacodynamics assessment of impaired patient hemodynamics and excess milrinone activity in conjunction with AKI biomarkers are necessary before dose adjustment of milrinone can empirically be performed. In addition, future studies that include older children and adults receiving milrinone are needed to demonstrate the utility of AKI urinary biomarkers for predicting excess milrinone activity.
